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Abstract 

Phosphoric  acid-doped  polybenzimidazole  is  used  as  a  fuel  cell  membrane  and  an  ionomer  in  the  catalyst  layer  of  a  high-temperature  polymer 
electrolyte  fuel  cell.  Single-cell  tests  are  performed  to  find  the  optimum  ionomer  content  in  the  cathode  catalyst  layer.  To  determine  the  effects 
of  the  ionomer  in  the  catalyst  layer,  the  potential  loss  in  the  cell  is  separated  into  activation,  ohmic  and  concentration  losses.  Each  of  these  losses 
is  examined  by  means  of  impedance  and  morphological  analyses.  With  the  weight  ratio  of  ionomer  to  Pt/C  of  1:4  (20  wt.%  ionomer  in  catalyst 
layer),  the  fuel  cell  shows  the  lowest  ohmic  resistance.  The  activation  loss  in  the  fuel  cell  is  lowest  when  the  ratio  is  1:9  (10  wt.%  ionomer  in  the 
catalyst  layer).  The  cell  performance  is  dependent  on  this  ratio,  and  the  best  cell  performance  is  obtained  with  a  ratio  of  1:4. 

©  2007  Published  by  Elsevier  B.V. 
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1.  Introduction 

The  fuel  cell  has  been  put  forward  as  one  solution  to  the 
present  energy  crisis,  because  it  is  a  safe  and  efficient  power 
generation  device.  Among  the  various  kinds  of  fuel  cell,  the 
polymer  electrolyte  fuel  cell  (PEFC)  with  a  perfluorosulfonic 
acid  (PFSA)  polymer  membrane  has  received  a  great  deal  of 
attention,  due  to  its  convenience.  Nevertheless,  the  polymer 
membrane  is  not  suitable  for  high-temperature  operation  under 
low  humidity.  Therefore,  it  has  to  be  operated  below  90  °C, 
because  the  proton  conductivity  of  the  polymer  is  dependent 
on  the  humidities  of  the  fuel  and  the  oxidant  [1]. 

High-temperature  fuel  cell  operations  offer  several  advan¬ 
tages  [2-6].  For  example,  the  catalytic  activity  for  oxygen 
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reduction  can  be  enhanced  and  the  CO  tolerance  is  improved 
dramatically.  When  a  fuel  cell  is  operated  at  200  °C,  even  1% 
CO  in  the  reformate  gas  does  not  deteriorate  the  cell  performance 
[4].  Moreover,  much  smaller  heat-exchange  and  humidification 
systems  can  be  employed  [5].  In  the  case  of  an  intermediate- 
temperature  fuel  cell,  whose  operation  temperature  is  kept  under 
90  °C,  excess  water  is  supplied  to  the  system  to  generate  high 
proton  conductivity.  Therefore,  a  large  radiator  and  large  humid¬ 
ifier  have  to  be  used  to  ensure  successful  operation  of  the  cell. 

Much  effort  has  been  made  to  achieve  good  high- temperature 
performance  of  PEFCs,  and  remarkable  progress  has  been 
achieved  with  acid-doped  polybenzimidazoles.  For  example, 
Wainright  et  al.  [7]  proposed  that  poly[2,2/-(m-phenylene)- 
S^-bibenzimidazole]  (poly benzimidazole,  PBI)  doped  with 
phosphoric  acid  could  be  used  for  the  operation  of  PEFCs. 
PBI  is  a  basic  polymer  (pXa  =  5.5)  and  forms  an  acid-base 
complex  when  dipped  in  aqueous  phosphoric  acid,  which  has 
high  proton  conductivity  at  high  temperatures.  Xiao  et  al.  [8] 
fabricated  a  PBI  membrane  from  a  polymerized  mixture.  A 
solution  of  PBI  in  poly  phosphoric  acid  (PPA)  was  cast  and 
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transformed  into  a  gel  by  hydrolysis  of  the  PPA.  The  resul¬ 
tant  membrane  retained  a  considerable  amount  of  phosphoric 
acid,  which  is  essential  for  proton  conduction.  Recently,  Asensio 
et  al.  [9-11]  reported  the  synthesis  of  poly(2,5-benzimidazole) 
(ABPBI)  for  fuel  cell  applications.  The  ABPBI  can  be  prepared 
by  a  condensation  reaction  from  a  single  commercial  monomer, 
3,4-diaminobenzoic  acid.  A  direct-casting  method  for  the  pro¬ 
duction  of  ABPBI  membranes  was  also  developed  by  Kim  et 
al.  [12,13].  In  the  synthetic  process,  the  monomer  and  the  poly¬ 
mer  are  soluble  in  a  solvent  system  (P2O5  and  methanesulfonic 
acid),  and  the  ABPBI  membrane  can  be  cast  directly  from  the 
resulting  polymerized  mixture. 

There  have  been  several  reports  of  the  synthesis  of  PBI  deriva¬ 
tives  and  their  application  for  PEFCs  [14-25].  Nevertheless,  the 
research  conducted  so  far  has  been  limited  to  membranes,  and 
only  a  few  studies  of  electrode  fabrication  have  been  reported 
[14,25].  To  enhance  cell  performance  by  an  improvement  of 
the  platinum  utilization,  effective  electrode  fabrication  is  very 
important.  This  paper  presents  an  investigation  of  the  effects 
of  phosphoric  acid-doped  PBI  ionomer  in  the  catalyst  layer 
on  single-cell  performance.  Especially,  the  ratio  of  ionomer  to 
Pt/C  in  the  cathode  is  varied  in  order  to  determine  the  optimum 
ionomer  content  for  fuel  cell  operations. 

2.  Experimental 

2.7.  Materials 

3,4-Diaminobenzoic  acid  (DAB A,  from  Acros)  was  used 
after  purification  by  a  method  reported  previously  [12]. 
3,3/-Diaminobenzidine,  isophthalic  acid,  P2O5,  CF3SO3H, 
CH3SO3H,  and  CF3CO2H  were  purchased  from  Aldrich  and 
used  without  further  purification.  A  20wt.%  Pt/C  catalyst  (E- 
tek)  and  carbon  paper  (Toray  TGPH-090)  were  used  for  the 
fabrication  of  the  membrane-electrode  assembly  (ME A). 

2.2.  Preparation  of  ABPBI  membrane 

As  described  by  Kim  et  al.  [12],  purified  3,4-diaminobenzoic 
acid  was  polymerized  in  a  reaction  medium  composed  of  P2O5 
and  CH3SO3H.  The  polymer  solution  was  poured  on  to  a  glass 
plate  and  flattened  by  an  adjustable  doctor  blade  to  obtain 
a  uniform  thickness.  It  was  then  immersed  in  a  water  bath 
and  detached  from  the  glass  plate.  The  residual  acid  in  the 
polymer  film  was  extracted  by  neutralization  with  ammonium 
hydroxide  solution  to  make  a  de-doped  ABPBI  film.  This  film 
was  washed  and  dried  at  80  °C  under  reduced  pressure  for  2 
days.  It  was  then  immersed  in  50wt.%  aqueous  phosphoric 
acid  for  5  days  to  produce  a  phosphoric  acid-doped  ABPBI 
membrane. 

2.3.  Preparation  of  PBI  polymer  powder 

3,3/-Diaminobenzidine  and  isophthalic  acid  were  dissolved 
inamixture  ofP20s,  CF3SO3H,  andCP^SC^H  [13]  and  reacted 
at  150  °C  for  30  min.  The  viscous  polymer  solution  was  poured 
into  water  to  produce  a  wire-like  polymer.  The  polymer  was 


washed  with  water  and  neutralized  with  ammonium  hydroxide 
solution  to  obtain  de-doped  PBI  powder.  The  PBI  powder  was 
dried  at  80  °C  under  reduced  pressure.  It  was  used  as  a  binding 
ionomer  for  fabrication  of  electrodes. 

2.4.  Preparation  of  the  electrode 

A  Pt  catalyst  slurry  was  prepared  by  the  method  described 
by  Kim  et  al.  [13].  The  slurry  was  coated  on  a  carbon  fibre 
paper  using  an  adjustable  doctor  blade,  and  then  dried  at  room 
temperature  to  produce  an  ionomer-impregnated  catalyst-coated 
electrode.  The  amount  of  H3PO4  doped  into  PBI  was  fixed  at 
six  H3PO4  molecules  per  PBI  repeating  unit.  The  weight  per¬ 
centage  of  H3PO4 -doped  PBI  in  the  catalyst  layer  ranged  from 
5  to  40  wt.%  and  hereafter  is  termed  IC. 

2.5.  Characterization  of  catalyst  layer 

The  surface  morphology  of  the  catalyst  layer  was  examined 
with  a  scanning  electron  microscope  (SEM;  Hitachi,  S-4200). 
The  BET  surface  area,  pore  volume  and  pore-size  distribution 
were  measured  by  means  of  the  nitrogen  adsorption-desorption 
method  using  a  Micromeritics  ASAP  2010  instrument. 

The  metallic  surface  area  was  analyzed  by  a  CO  chemisorp¬ 
tion  apparatus  (Micromeritics,  ASAP  20 10C).  For  the  analysis, 
the  sample  was  pretreated  at  200  °C  under  reduced  pressure  and 
then  cooled  to  room  temperature. 

2.6.  Single-cell  performance  test 

The  catalyst-coated  electrodes  and  phosphoric  acid-doped 
ABPBI  membrane  (thickness:  105  ±  5  jxm)  were  assembled  to 
produce  the  ME  A,  without  any  hot-pressing  process.  The  IC  of 
the  anode  was  fixed  at  25  wt.%.  The  active  area  of  the  single 
cell  was  2  cm2.  The  Pt  loadings  of  the  cathode  and  anode  were 
0.40  =b  0.05  and  0.55  zb  0.05  mg  cm-2,  respectively. 

Hydrogen  was  used  as  a  fuel  and  oxygen  or  air  as  an  oxi¬ 
dant,  without  external  humidification,  and  the  cell  temperature 
was  kept  at  150  °C.  Polarization  curves  were  obtained  using  an 
electric  loader  (Daegil  Electronics,  EL500P).  Impedance  spec¬ 
tra  were  plotted  using  a  potentiostat  (Zahner,  IM6)  at  different 
current  densities  in  the  frequency  range  of  100  kHz  to  0.1  Hz. 
The  specific  ohmic  resistance  was  obtained  from  the  impedance 
curve. 

3.  Results  and  discussion 

The  IC  in  the  cathode  was  varied  from  5  to  40  wt.%  to  find 
the  optimum  value  for  high-temperature  PEFC  operation.  The 
single-cell  performances  with  various  ICs  in  the  cathode  catalyst 
layer  are  presented  in  Fig.  1.  The  performance  increases  as  the 
IC  increased  from  5  to  20  wt.%.  However,  it  decreases  as  the  IC 
increased  from  20  to  40  wt.%. 

The  ohmic  resistances  of  the  MEAs  with  different  IC  values 
obtained  from  a  potentiostat  in  galvanostatic  mode  are  presented 
in  Fig.  2.  The  ohmic  resistance  is  a  minimum  when  the  IC  is 
20  wt.%.  Considering  that  the  ohmic  resistance  is  a  function 
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Fig.  1.  Polarization  curves  with  various  ICs  in  cathode  catalyst  layer  at  150  °C 
using  dry  H2/O2  feed. 


Fig.  2.  Ohmic  resistances  at  150  °C  using  dry  H2/O2  feed  with  various  ICs  in 
cathode  catalyst  layer. 


of  both  the  ionic  conduction  afforded  by  the  ionomer  and  the 
electronic  conduction  afforded  by  the  catalyst,  the  observed  min¬ 
imum  resistance  is  considered  to  result  from  an  optimum  balance 
between  the  ionic  and  electronic  conductivities.  The  high  resis¬ 
tance  obtained  with  IC  =  5wt.%  is  due  to  poor  connection  of 
the  ionomer,  whereas  the  high  resistance  with  IC  =  40wt.%  is 
due  to  a  decrease  in  electronic  connection  caused  by  hindrance 
afforded  by  the  ionomer  around  the  catalyst  particles. 


Morphological  changes  in  the  catalyst  layers  with  different 
ionomer  contents  are  presented  in  Fig.  3.  An  increase  in  the 
degree  of  interconnection  among  the  catalyst  particles  and  a 
decrease  in  pore  volume  are  observed  as  the  ionomer  content 
increased. 

The  pore-size  distributions  of  the  catalyst  layers  with  dif¬ 
ferent  ionomer  contents  are  presented  in  Fig.  4.  As  the  ionomer 
content  is  increased  in  the  catalyst  layer,  the  numbers  of  primary 
and  secondary  pores  decrease.  This  behaviour  is  different  from 


Fig.  3.  Scanning  electron  micrographs  of  catalyst  layer  with  different  ICs  of  (a)  10  wt.%,  (b)  20  wt.%,  (c)  30  wt.%,  and  (d)  40  wt.%. 
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Fig.  4.  Pore-size  distributions  of  catalyst  layer  with  various  ICs. 


that  of  the  Nation-type  binder  system  used  for  intermediate- 
temperature  PEFCs  [26-28].  In  this  case,  the  primary  pore 
volume  remains  constant,  even  with  an  increase  of  the  Nation 
ionomer  content  in  the  catalyst  layer.  This  difference  can  be 
related  to  the  state  of  the  binders  during  fabrication  of  the  elec¬ 
trode.  The  phosphoric  acid-doped  PBI  binder  is  in  the  solution 
state,  whereas  the  Nation  binder  exists  as  a  colloidal  state.  Thus, 
phosphoric  acid-doped  PBI  binder  can  penetrate  into  the  primary 
pores  whereas  the  colloidal  Nation  cannot. 

The  relative  exposures  of  the  platinum  surface  with  the  dif¬ 
ferent  IC  values  were  analyzed  in  terms  of  CO  chemisorption. 
By  assuming  a  stoichiometry  of  one  CO  molecule  per  Pt  atom 
on  the  surface,  the  platinum  metallic  surface  area  was  calculated 
from  the  amount  of  CO  adsorbed.  Then,  the  relative  exposure 
was  calculated  as  the  ratio  of  the  metallic  surface  area  of  the 
sample  with  IC  =  vwt.%  to  that  with  IC  =  0wt.%  (no  ionomer 
impregnation). 

The  relative  exposures  of  the  platinum  surface  with  the 
various  ICs  are  shown  in  Fig.  5.  A  severe  decrease  in  the 
relative  exposure  is  observed  initially,  as  the  ionomer  con¬ 
tent  is  increased.  The  decrease  becomes  more  gradual  above 
IC  =  20  wt.%. 

In  order  to  obtain  a  better  understanding  of  the  effect  of  the 
ionomer  content  in  the  cathode  on  the  performance,  the  polar¬ 


ization  curves  were  analyzed  using  the  three  loss  factors,  viz, 
activation,  ohmic  and  concentration  losses,  as  follows  [29]: 

V  =  ^thermo  —  0  total 

=  ^thermo  —  (A  Vcross  Oact  ohmic  T"  7?conc) 

where  V  is  the  measured  potential  of  the  fuel  cell;  Thermo  the 
thermodynamically  predicted  ideal  potential,  1.15  V  at  150  °C; 
?7totai  the  total  potential  loss;  AVcross  the  potential  drop  due  to 
cross-over  through  the  membrane;  r]act  the  activation  loss  due 
to  reaction  kinetics;  ?70hmic  the  ohmic  loss  from  ionic  and  elec¬ 
tronic  resistances;  and  Oconc  is  the  concentration  loss  due  to  mass 
transfer. 

The  ?7act  was  calculated  from  the  Tafel  equation  using  the  per¬ 
formance  data  at  low  current  densities  and  ^0hmic  was  calculated 
by  multiplying  the  specific  ohmic  resistance  by  the  current  den¬ 
sity  in  each  case.  Then,  Oconc  was  obtained  by  subtracting  ^act 
and  77 ohmic  from  77total-  The  difference  in  cell  voltage  between 
operations  with  H2/O2  and  P^/air,  which  is  referred  to  as  the  oxy¬ 
gen  gain,  was  used  to  confirm  the  effect  of  the  ionomer  content 
on  the  concentration  loss. 

For  exact  evaluation  of  the  effect  of  the  electrodes  with  dif¬ 
ferent  IC  values  on  the  cell  performance,  excluding  cross-over 
through  the  membrane,  all  of  the  measured  open-circuit  volt¬ 
ages  (OCVs)  were  fitted  to  1.15  V  and  the  potential  difference 
between  1.15  and  the  measured  OCV  was  added  to  all  of  the 
potential  data.  The  variation  in  the  activation  loss  with  the  IC 
value  in  the  cathode  catalyst  layer  at  low  current  densities  is 
presented  in  Fig.  6.  It  is  a  minimum  for  IC  between  10  and 
20  wt.%  regardless  of  the  current  density.  The  variation  of  the 
ohmic  loss  with  the  IC  value  in  the  cathode  catalyst  layer  is  pre¬ 
sented  in  Fig.  7.  As  expected  from  the  results  shown  in  Fig.  2, 
the  ohmic  loss  is  lowest  at  IC  =  20  wt.%.  The  concentration  loss 
due  to  mass  transport  is  presented  in  Fig.  8.  It  increases  as  the 
ionomer  content  increases,  due  to  an  increase  in  the  mass  trans¬ 
port  resistances  of  oxygen  and  water  vapour  in  the  narrow  pore 
volume.  Among  the  three  losses  (activation,  ohmic,  concentra¬ 
tion),  the  activation  loss  is  the  main  contributor  to  the  total  loss 
in  fuel  cell  performance.  The  concentration  loss  exhibits  good 


Fig.  6.  Relationship  between  activation  loss  and  current  density  with  various 
ICs  in  cathode  catalyst  layer. 
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Fig.  7.  Relationship  between  ohmic  loss  and  current  density  with  various  ICs 
in  cathode  catalyst  layer. 


Fig.  8.  Relationship  between  concentration  loss  and  current  density  with  various 
ICs  in  cathode  catalyst  layer. 

agreement  with  the  oxygen  gain  presented  in  Fig.  9.  From  the 
potential  differences  between  operations  with  H2/O2  feed  and 
H2/air  feed,  an  increase  in  the  mass  transport  resistance  with 
increasing  ionomer  content  is  conformed. 


Fig.  9.  Relationship  between  oxygen  gain  and  current  density  with  various  ICs 
in  cathode  catalyst  layer. 


4.  Conclusions 

Phosphoric  acid-doped  polybenzimidazole  has  been  used  as 
an  ionomer  in  the  catalyst  layer  of  a  high-temperature  polymer 
electrolyte  fuel  cell.  The  ratio  of  ionomer  to  Pt/C  in  the  cath¬ 
ode  is  varied  to  determine  the  optimum  ionomer  content  for  fuel 
cell  operation.  This  is  found  to  be  20  wt.%  (ratio  of  ionomer  to 
Pt/C  =  1:4)  for  PEMFC  operation.  With  separation  of  the  total 
potential  loss  into  activation,  ohmic  and  concentration  losses,  a 
better  understanding  of  the  influence  of  the  ionomer  in  the  cath¬ 
ode  catalyst  layer  on  cell  performance  is  obtained.  The  activation 
loss  is  the  main  contributor  to  the  total  potential  loss.  The  high 
activation  loss  is  due  to  the  penetration  of  the  PBI-phosphoric 
acid  ionomer  into  both  the  primary  and  secondary  pores  that 
results  in  low  utilization  of  the  platinum  catalyst. 
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